Mast cells have been considered for many years to participate specifically in allergic reactions through the release of cytokines, chemokines, proteases, leukotrienes, and bioactive polyamines. Emerging roles for mast cells have been identified recently, which highlight their relevance in both innate and adaptive immunity. Mast cells play a role in many different processes, including clearance of enteric pathogens, food allergies, visceral hypersensitivity, and intestinal cancer. The activation of mast cells can initiate inflammatory reactions that are life-saving in some circumstances (eg, nematode infection) but life-threatening in others (eg, allergy). In recent years, mast cells, their products, and the mechanisms by which mast cell activity can be regulated by the microenvironment are a major area of investigation. The purpose of this review article is to summarize and highlight the latest findings in mast cell biology associated with intestinal homeostasis and pathologies.
Introduction
Mast cells were discovered more than a century ago by Paul Erlich based on the observation of the unique color-changing granules within these cells. They are the progeny of CD34 + hematopoietic stem cells and have a stringent requirement for stem cell factor (SCF), the ligand for the c-kit receptor (CD117), for differentiation. SCF is elaborated by several cell types including fibroblasts and stromal cells in the small intestine. Although they have a well-defined contribution to allergic reactions, the recognized roles of mast cells have expanded considerably in the past few years to include their contribution to the interplay between gut immunity and gut function, which may be exacerbated in pathologies that feature elevated numbers of mast cells. The renewed interest in mast cells can be linked, in part, to several distinctive attributes of mast cells, including their evolutionarily conserved role in defense, because they are observed in some form in invertebrates as well as in mammals; their constitutive localization to mucosal interfaces that can be augmented during inflammation; and their ability to elaborate a plethora of mediators ranging from preformed proteases and histamine to de novo synthesized cytokines, chemokines, and lipid mediators.
There was an early recognition of morphologically distinct types of mast cells based on tissue localization (connective tissue [CTMC] and mucosal mast cells [MMC] ) in mice and protease content of tryptase (MC T ) or chymase (MC TC ) in humans [1•] . This strict classification, however, is somewhat obsolete in humans, with the understanding that mast cell progenitors differentiate into mature cells under the influence of microenvironmental factors that greatly amplify mast cell heterogeneity. The importance of the tissue milieu as a major determinant of mast cell phenotype is an active area of investigation. The fact that mast cells are influenced by the microenvironment suggests that they could be "customized" to perform functions specific to that region. Cell-surface receptor expression on mast cells varies by the state of maturation and the environmental milieu. For example, interleukin (IL)-4 increases expression of fragment crystallizable ε region (FcεR)-I and interferon (IFN)-γ induces expression of fragment crystallizable γ region (FcγR)-I (CD64) [2] . Mast cell granules contain both preformed (eg, histamine and serine proteases) and newly synthesized mediators (eg, leukotrienes), and their release is governed by the activated receptors, the strength of the signal, and the tissue environment. Indeed, the mechanisms or conditions that regulate mast cell degranulation and release of mediators remain unclear, in part, because in vitro studies cannot fully replicate the in vivo environment. Recent advances in mast cell function are summarized in Table 1 .
Innate and Adaptive Immunity
The numbers of resident mast cells in the healthy gut is about 2% of mucosal cells, but mast cells can be recruited in large numbers in response to an array of stimuli. Homing of mast cell progenitors to the gut involves binding of α4β7 integrins on mast cells to mucosal addressin cell adhesion molecules (MADCAM-1) and vascular cell adhesion molecules (VCAM-1) on endothelial cells. In addition, evidence exists that dendritic cell expression of t-bet, a transcription factor important in the development of polarized T-helper 1 cell (Th1) responses, may also be important for homing of mast cells to mucosal surfaces [3] . Given the location of mast cells at mucosal surfaces and their ability to influence barrier function, it is not surprising that they might function as immunologic "gate keepers." Mast cells express toll-like receptors (TLR) that are important for host defense against the abundant bacteria in the colon. It has been suggested, however, that mast cells can behave like other phagocytic bone marrow-derived cells such as dendritic cells and macrophages, and become less responsive to bacterial stimuli when matured in the colonic environment [4] .
Mast cells both elaborate and express receptors for several cytokines, implicating a role as intermediates between innate and adaptive immune response ( Fig. 1 ). Increased numbers of mast cells are observed in the colon of patients with inflammatory bowel disease (IBD) and are an important source of tumor necrosis factor (TNF)-α in colitis. Release of TNF-α, IL-1β, and granulocyte-macrophage colony-stimulating factor (GM-CSF) promotes dendritic cell migration, maturation, and activation. Mast cells also communicate with both T and B cells. TLR4-mediated release of TNF-α and IL-12 from mast cells in response to lipopolysaccharide (LPS) facilitates the development of the Th1 cytokine profile. In addition, TLR4 activation also promotes IFN-γ secretion from natural killer (NK) cells [5] , further supporting a role for mast cells in the regulation of innate immunity. The IFN family was expanded recently with the discovery of IFN-λ, which has three subtypes, including IFN-λ1 (IL-29). Although originally linked to viral infections, IFN-λ signaling also involves phosphorylation of signal transducers and activators of transcription (STAT) 1 and STAT4 and can downregulate the Th2 cytokine IL-13 [6] . Mast cells can release IL-29 in response to antigenic stimulation or LPS. Under these conditions, release of IL-4 and IL-13, but not of histamine, suggests that IL-29 does not activate mast cells, but rather contributes to mast cell recruitment through the generation of cytokines [7] . This observation is consistent with the belief that there is a specific control of mast cell product release in response to different stimuli, and therefore, knowledge of these mechanisms is important in the design of new therapeutic interventions for enteric inflammation, allergy, and infection.
When compared to the colon, the small intestine does not have significant bacterial colonization, coincident with a low expression of TLRs in this region. Several other pathogens, however, including enteric nematodes, preferentially colonize the small intestine. There is a continuing interest in nematodes, based on experimental and population studies showing the beneficial effects of infection on autoimmune and allergic diseases that has been linked to abnormal immunoregulatory mechanisms that fail to downregulate polarized Th1, Th2, or Th17 cytokine responses [8] . This interest has fostered investigation into the therapeutic potential of worms or their products. Nematode infection induces a well-known mastocytosis, which is required for clearance of some (eg, Trichinella spiralis), but not all, nematodes. This dependence was challenged by recent data showing that expulsion of T. spiralis could occur in the absence of mastocytosis [9] . The increase in mast cell numbers is due, in part, to IL-4, but the effect is not entirely STAT6-dependent, because IL-3 and IL-9 are also important. IL-9 was traditionally associated with Th2 responses and is involved in recruitment and activation of mast cells. The identification of a novel T-helper population, Th9-which expresses high levels of IL-9 in the presence of IL-4 and TGF-β, suppresses Th2 cytokines [10] , and promotesTh17 differentiation and T-regulatory cell function [11] has prompted a reevaluation of the role of IL-9 in immune responses. However, the finding that IL-25 (a major regulator of Th2 responses) also regulates IL-9 expression in Th9 cells [12] supports the contribution of IL-9 to Th2-mediated immunity. IL-4 markedly increases mast cell proliferation and shifts IgE-dependent cytokine production in mature human mast cells toward an increased release of Th2 cytokines. In a recent report, using a model of bone marrow reconstitution in T. spiralis-infected WBB6F1-KitW/KitW-v (W/W v ) mast celldeficient mice, it was demonstrated that mast cell production of IL-4 and TNF-α is required for protective and pathologic responses in gastrointestinal helminth infection [13•] . IL-33 (or IL-1F11) is a newly discovered cytokine belonging to the IL-1 family. Recent reports identified IL-33 as ligand for the previously known orphan IL-1 receptor (IL-1R) family member T1/ST2, which is highly expressed on T and mast cells [14] . Several reports in the past year demonstrated that IL-33 is responsible for activating mast cells, with a mechanism that involves stimulating production of IL-5, IL-4, and IL-13 [15] [16] [17] . Interestingly, it was reported in a recent publication that during Trichuris muris infection, IL-33 mRNA is expressed early and susceptible mice can be induced to expel the parasite by a regimen of exogenous IL-33 administration [18••] . These data strengthen the hypothesis of a direct involvement of mast cells in the mechanisms that promote gastrointestinal helminth expulsion.
Immune cells, including mast cells, are controlled, in part, by the balance of input derived from positive and negative signals. There is an appreciation that attenuation or cessation of cell function may be regulated by either loss or inactivation of the stimulus or by activation of a counter-balancing inhibitory signal. Loss of inhibitory signals may contribute to unrestrained inflammation characteristic of several autoimmune diseases or to the rapidity of hypersensitivity reactions in anaphylaxis. A number of mast cell receptors contain immunoreceptor tyrosine-based inhibitory motifs (ITIM), now considered part of the inhibitory receptor superfamily. ITIMs can be part of an inhibitory receptor or can be linked functionally or physically to activating receptors or to immunoreceptor tyrosine-based activating motifs (ITAM). The protein gp49B1 is part of the C2 family of immunoglobulins and contains two ITIMs that result in inhibition of intracellular calcium release, an important step in degranulation as well as release of lipid mediators such as leukotrienes. Binding of the integrin, αvβ3, to gp49B1 leads to inhibition of IgE-mediated activation [19] . SCF activation of c-kit is critical for mast cell growth and maturation and survival, but unchecked activation results in abnormal accumulation of tissue mast cells. Recent studies show that ckit can be downregulated by ligation of CD72 (Lyb-2), a type II transmembrane receptor in the C-type lectin family [20• ]. In addition, newly discovered immunoglobulin-like receptor, allergy inhibitory receptor (allergin-1), was shown to be present on human mast cells, and to inhibit IgE-mediated mast cell anaphylaxis [21•] . Because control of the release of preformed and newly synthesized mast cell products impacts immune and biologic functions, ITIMs represent a novel therapeutic target for mast cell-mediated pathologies.
Mast Cell Proteases (Peptidases)
Almost 5% of the human genome encodes proteases, proteins with enzymatic activity resulting in the cleavage and, therefore, regulation of other proteins. It is not surprising that the contribution of proteases to physiologic and pathophysiologic processes is being actively investigated. Proteases serve many functions including degradation of extracellular matrix proteins, conversion of inactive forms of a protein into their active counterparts, and participation in host defense against intruding pathogens. Many proteases are part of proteolytic cascades, where the product from one reaction acts as the substrate for the next, thereby amplifying an initial signal into a large response. Proteases, one of the major mast cell protein products, are stored in granules and released in response to a variety of stimuli. It was not until 1960 that an enzyme with trypsin-like activity was reported in mast cells and subsequently termed tryptase. In humans, mature β-tryptase is the major constituent of secretory granules. Activation of mast cells results in a prominent increase in secretion of mature β-tryptase, which is considered a traditional marker of mast cell degranulation [22•] . Given their abundance, biologic activity, and role as mediators of inflammatory pathologies, there is considerable interest in evolutionary origin of mast cell proteases [23] . The major mast cell proteases are tryptase and chymase, encoded by the mast cell chymase and tryptase multigene loci. The most recent evidence indicates that genes within both loci are found almost exclusively in mammals [24•], although the type I membrane-anchored serine proteases, such as prostasin in invertebrates, may be an ancestral form [25] . There is an acknowledged need for additional studies in genetic variation in mast cell genetics that may contribute to variability in therapeutic responses, particularly tryptases that have an elevated incidence of mutations affecting their function [22•].
As the major protein stored in human mast cells, large amounts of tryptase are released by degranulation, a hallmark feature of a proinflammatory response associated with allergic reactions. The fact that tryptase activates protease-activated receptor-2 (PAR 2 ) has exponentially expanded its biologic importance. PAR 2 is expressed on many cell types, including epithelial, smooth muscle cells, and nerves, as well as on immune and inflammatory cells, including mast cells and antigen presenting cells. Endogenous serine proteases, such as trypsin, play a well-known physiologic role in digestion; however, recent studies indicate that PARs are critical players in several gut pathologies. Evidence exists linking serine protease activation of PAR to proinflammatory pathologies, including IBD and functional bowel disorders such as irritable bowel syndrome (IBS) [26] .
Intestinal Barrier Function
Increased intestinal permeability is a common outcome of immune-mediated diseases including diabetes, IBS, food allergy, and celiac disease. Although the contribution of mast cells to barrier function in homeostasis is not well defined, they are known to release mediators with documented effects on epithelial barrier function including proteases, histamine, and Th1 (TNF-α, IL-1β) and Th2 cytokines (IL-4, IL-13) [27] .
A novel mediator for mast cell actions on intestinal permeability is mast cell chymase (Mcpt4 is the mouse homologue), which is elaborated by murine connective tissue mast cells located in the submucosa [28] . Groschwitz et al. [29••] demonstrated that both mast cell deficient (Kit W-sh/W-sh ) and Mcpt4 -/mice had increased intestinal permeability coincident with decreased claudin-3 expression. Exposure to human chymase also increased cultured epithelial cell permeability, providing further support for a role for mast cell chymase in the regulation of constitutive barrier function. A novel observation was the involvement of mast cell chymase in the control of epithelial migration, adding to the list of functions that may involve mast cells [29••] . To elucidate the mechanism by which chymase regulates permeability, studies were performed to examine epithelial architecture and cell migration; it was determined that Mcpt4 -/mice had altered barrier function due to decreased intestinal epithelial cell migration along the villus/crypt axis. WT but not Mcpt -/mast cells grafted into Wsh mice were able to restore intestinal epithelial cell migration, morphology, and function [29••] .
Elevated numbers of tissue mast cells are known to alter intestinal mucosal permeability and mastocytosis with accompanying changes in permeability as a common feature of nematode infection [27] . These changes are linked to mouse mast cell protease 1 (mMCP1)-mediated destruction of occludin in T. spiralis infection [30] . More recent data implicated mast cell tryptase activation of PAR 2 , which is expressed by mast cells and epithelial cells. Activation of PAR 2 by tryptase or PAR 2 activating peptide (SLIGRL) leads to a redistribution of TJ proteins, ZO-1, occludin, and the rearrangement of F-actin, resulting in increased intestinal permeability [31] . Recent findings show that there is an immune regulation of PAR 2 and that infection impacts epithelial and smooth muscle cell responses to available PAR 2 agonists by controlling availability of receptor expression (Shea-Donohue, in press).
Although mucosal mast cells have a well-documented effect on permeability in the small intestine, less information exists regarding these effects in the colon. The concentration of bacteria in the colon and the constitutively higher epithelial resistance in this area would argue against the benefits of mast cell-mediated increases in permeability in this region. Indeed, evidence exists that the mast cell approximation to enteric nerves may increase epithelial secretion in the colon [32] . This action may occur in lieu of dramatic increases in permeability that, along with increases in secretion, would constitute an effective and welldocumented antibacterial defense in the small intestine.
Smooth Muscle and Nerve Function
Mast cells influence intestinal smooth muscle function primarily as a result of their close approximation with enteric nerves. Evidence exists that mast cells can regulate muscle function directly. In certain circumstances, activated mast cells infiltrate into the muscle layer release mediators such as histamine, tryptase, or leukotrienes that directly cause smooth muscle contraction/relaxation [33] . In addition to these well characterized mediators, a recently identified adhesion molecule, cell adhesion molecule-1 (CADM1), expressed by various cell types, promotes communication between nerves or smooth muscle and mast cells [34] . The predominant result of mast cell/nerve/smooth muscle interactions is a hypersensitivity of nerves to stimulation, resulting in elevated smooth muscle contractility. The effect is thought to contribute to the symptoms of IBS, food allergy, and enteric inflammation. There is also evidence that mast cells participate in the fibrogenesis of Crohn's disease though upregulation of chymase, an enzyme that generates mature angiotensin-II by cleavage of its precursor [35•] .
Clinical Applications
Mast cells play a key role in many pathologies; therefore, this review is limited to a discussion of recent advances in a select group of disorders.
Functional Gastrointestinal Disorders
Functional dyspepsia and IBS are on the spectrum of functional gastrointestinal disorders estimated to account for 20% to 50% of gastroenterology referrals, with an overall incidence in the community of about 1.5% [36••] . In the absence of a specific pathology, diagnosis of IBS is based on symptoms as defined under the Rome III system. A common feature of IBS is a visceral hypersensitivity that has been ascribed to altered peripheral or central neural processing of stimuli arising from the lumen of the gut. Ample data support an important role for mast cells in the development of visceral hypersensitivity in IBS as a result of the number of released mediators that can interact with and sensitize the sensory and motor neurons [37] . A novel finding was the significant correlation between mast cells in the descending colon and the frequency and severity of symptoms in the upper gut [38] . Stress is considered to be one of the major etiologic factors for IBS, and recent data in an experimental model showed that chronic stress caused the release of norepinephrine, leading to the increased expression of nerve growth factor, a product of mast cell and smooth muscle cell that plays a key role in sensitizing visceral afferent neurons [39•] .
The emergence of a subset of IBS patients with a history of enteric infection led to the identification of a postinfectious IBS group (PI-IBS), which has elevated levels of several inflammatory cells including T cells, 5-hydroxytryptamine (5-HT)-containing enterochromaffin cells (EC), and mast cells in the colon. Several excellent reviews on this topic were published recently [36••, 40, 41] . Of interest is that elevated numbers of rectal mast cells was also a feature in non-postinfectious diarrhea-predominant IBS (D-IBS) patients [42] . In a small cohort study, control groups were compared with non-PI-IBS, and PI-IBS patients, 3 years postinfection. There were elevated levels of 5-HT-containing EC cells and intraepithelial lymphocytes (IEL) in non-PI-IBS patients; however, when compared to non-PI-IBS patients, the PI-IBS group demonstrated elevated numbers of mast cells, peptide PYY, and 5-HT-containing EC cells [43•] . These data demonstrate that mast cells are an important component of IBS, with the presence of other immune/inflammatory cells as a distinguishing feature of PI-IBS. This finding is consistent with observations obtained in animal models of IBS as well as in the T. spiralis infection and neonatal inflammation that feature elevated mast cell numbers.
The colon has been the predominant area of interest in IBS, in part because of the ability to assess rectal hypersensitivity in patients, and further because of the relatively easier accessibility of the large intestine. however, increasing attention is being given to mast cell activity in other areas of the gut. D-IBS patients have significantly elevated mast cell numbers in the jejunum with corresponding higher levels of mast cell tryptase, indicating that mucosal inflammation in IBS is not restricted to the lower gut [44] . This idea was extended to show increased numbers of mast cells in the duodenum of both constipationpredominant (C-IBS) and D-IBS patients [45] .
Food Allergy
Developed countries have experienced a rapid rise in allergic disease, with 6% to 10% of the pediatric population suffering from food allergies alone [46] . Infiltration of mast cells to the small or large intestine following oral challenge is a common feature observed in all food allergies and may be associated with constipation or diarrhea. Mast cell activation is implicated in the associated dysmotility, in which allergic reactions evoke mast cell infiltration to the mucosal site. A recent study showed that chronic oral exposure to ovalbumin in rats increased the numbers of mast cells in all areas of intestine and colon, resulting in enhanced smooth muscle contractility [47] .
Clinical studies of children with food allergy linked related chronic constipation to the close association between mast cells and nerve fibers. Children between the ages of 1 and 10 years old suffering from chronic constipation were treated with an oligoantigenic diet for 8 weeks. A comparison of rectal biopsies taken from before and after 8 weeks of the diet showed that the numbers of mast cells and their proximity to nerve fibers was significantly reduced by removal of the allergen from the diet. On the other hand, sphingosine 1-phosphate (S1P), a ligand for S1P receptors that modulates leukocyte trafficking, was identified as a potential therapeutic target for allergy-induced diarrhea. In an experimental model of allergic diarrhea, mice treated with FTY720, an inhibitor of S1P signaling, exhibited an reduction of CD4 + T-cell migration and impaired mast cell infiltration to the large intestine [48] .
It appears that a biphasic response occurs in food allergy. Phase I is the period of specific transcellular antigen transport before mast cell activation through crosslinking IgE/CD23 receptors (FcεRII) on mast cells. Phase II is mast cell activation, during which mast cell mediators such as histamine, prostaglandin, and proteases are released, causing epithelial ion secretion and increased epithelial permeability. Oral antigen-induced intestinal anaphylaxis is an experimental model of food allergy because of the common occurrence of mastocytosis, intestinal permeability, and intravascular leakage. Recent reports indicate an important role for IL-9 in mast cell-mediated responses in food allergy; IL-9 -/mice failed to develop oral antigen-induced intestinal anaphylaxis, although overexpression of IL-9 predisposed to intestinal anaphylaxis and sensitization to oral antigen. Indeed, IL-9stimulated mast cell activation leads to release of histamine and proteases that contribute to the enhanced intestinal permeability that is critical for sensitization to oral antigens [49••] . Of interest was that this effect was independent of IL-4/IL-13 and STAT6-signaling. It should also be noted that IL-9 involvement in antigen-induced anaphylaxis was dependent on the route of antigenic sensitization. Oral antigen and systemic anaphylaxis required IgE, mast cells, and IL-9, whereas parenteral antigen-induced anaphylaxis was an IL-9 independent pathway [50] .
Cancer
Colon cancers are the third leading cause of cancer-related deaths in industrialized regions and generally develop from nonmalignant adenomatous polyps. Mast cells and T-regulatory (Treg) cells are both involved in tumorigenesis associated with colon cancer. In the past 3 years, the work performed by Gounaris et al. [51] focused on mast cells as an essential hematopoietic component in polyp development. Genetic or pharmacologic depletion of mast cells resulted in remission of polyps. Altered Treg phenotype is also a factor in cancer. IL-10-producing Treg cells are beneficial because they suppress inflammation, a critical component of tumor progression. In colon cancer, Treg cells, which expand in adenomatous polyps, no longer produce IL-10 [52••]. In addition, Treg cells normally suppress mast cell activity via IL-10; however, in cancer, Treg cells no longer suppress mastocytosis [53] . Treg cells in polyps were found to "switch" from producing IL-10 to IL-17, thereby promoting a proinflammatory rather than an immunosuppressive environment. Mast cells were shown to be recruited by these "IL-17 switched" Treg cells, further increasing the proinflammatory environment.
Conclusions
Mast cells are functionally diverse cells that have a constitutive presence atmucosal surfaces and elaborate an impressive array of mediators, making them an attractive therapeutic target. There is particular interest recently in the mast cell proteases because of their welldocumented ability to alter intestinal permeability, a key factor in several GI autoimmune/ inflammatory pathologies. A feature that mast cells have in common with other hematopoietic-derived cells is a flexible phenotype that impacts function. In this respect, mast cells help shape development of tissue environment, an attribute consistent with their role in the transition from innate to adaptive immune responses. Recruitment of mast cell progenitor cells to mucosal surfaces results in maturation in a specific milieu, and polarization toward a Th1/Th17 or Th2 environment, therefore, will determine the nature and/or amount of mediators released. In this regard, a growing number of cytokines impact mast cells, with an expanding role for cytokines such as IL-9 and IL-33. Appreciation is also enhanced for factors involved in controlling or limiting activity of mast cells through receptors that contain inhibitory motifs (ITIM). The role of mast cells in IBS and food allergy is well-documented and represents a convergence of mast cell actions on immune and intestinal function. Mast cells play an important role in the link between innate and adaptive immunity. Hematopoietic-derived cells, including the antigen-presenting dendritic cells (DC) and macrophages as well as mast cells, all express toll-like receptors (TLR) and proteaseactivated receptors (PARs), which are implicated in the immune tolerance to commensal bacteria and in the mucosal defense against pathogenic organisms in the lumen. Mast cells release proteases that play a key role in the increased permeability, facilitating exposure of immune cells to mucosal antigens. The subsequent release of mediators (eg, chemokines) from epithelial cells and immune cells is important in adaptive immunity, involving T-cell recruitment. The cytokine profile (Th1, Th2, Th9, Th17) is determined by the nature of the antigenic stimulation, and the cytokine environment is an important determinant of mast cell function. MHC-major histocompatibility complex Table 1 Summary of recent advances in mast cell function
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Heib et al. [1•] , Alcaide et al. [3] Control of mast cell phenotype and function by the tissue environment
